Optical fibers are widely used as one of the main tools for transmitting not only classical but also quantum information. We propose and report an experimental realization of a promising method for creating robust bidirectional quantum communication links through paired optical polarization-maintaining fibers. Many limitations of existing protocols can be avoided with the proposed method. In particular, the path and polarization degrees of freedom are combined to deterministically create a photonic decoherence-free subspace without the need for any ancillary photon. This method is input state-independent, robust against dephasing noise, postselection-free, and applicable bidirectionally. To rigorously quantify the amount of quantum information transferred, the optical fibers are analyzed with the tools developed in quantum communication theory. These results not only suggest a practical means for protecting quantum information sent through optical quantum networks but also potentially provide a new physical platform for enriching the structure of the quantum communication theory.
INTRODUCTION
Photonic quantum technologies have developed rapidly in recent years and have shown promise for many applications in quantum information processing (QIP) such as quantum computing (1), quantum simulation (2) , and quantum metrology (3) . To scale up these applications, robust quantum communication links for short to medium distances (for example, 100 m or less) are required to be connected to different optical QIP modules. There, the problem of photon loss in optical fibers is negligible for the length scales considered (4); we can therefore ignore this problem for the purpose of building links for a quantum network (Fig. 1) .
The decoherence problem of (polarization-encoded) photonic qubits can be divided into two parts, namely, the rotation of polarization (ambiguity of reference frame) and the dephasing of the relative phases between polarizations. The decoherence problem can be reduced to the dephasing problem only (that is, without basis rotation) with the use of PM fibers (5) . This work is focused on turning these dephasing channels of PM fibers into robust links for quantum communication.
To deal with the dephasing problem, we can use one of the most wellknown methods for protecting quantum information-quantum error correction (6) , where logical qubits are encoded in many physical qubits. The approach has been realized experimentally (7) . However, the resources required for encoding, decoding, and error detection remain technologically demanding.
Alternatively, another means to achieving robust quantum communication is through the use of decoherence-free subspace (DFS) , which is applicable when quantum states are beset with correlated errors. Despite its elegance, the current DFS approach for optical communications suffers from drawbacks, which make it challenging to achieve large-scale applications.
First, there remains a high demand for resources that are necessary to obtain deterministic entangled photons or to carry out entangling operations (with low efficiency) for the current quantum-optics technology (30) . In particular, the encoding operation can be achieved with A quantum network where each QIP module is connected to other modules through an input port and an output port. (B) These input/output links can be constructed with our method using polarization-maintaining (PM) fibers. Here, we show the links that can transfer single qubits. To send entangled states of multiple qubits, we can either include more such transmission links or send through the same link sequentially.
the construction of the CNOT gate (31, 32) , but it requires a large number of ancillary photons during implementation (33) .
Second, for the direct transfer of quantum states, most optical implementations of DFS (23, 25) produce correct output states only probabilistically (that is, after selection), which limits the potential applicability of the methods for multiple uses.
Third, existing approaches (18, 19, 23, 25, 28, 29) for quantum communication through fiber optics are unidirectional (that is, one-way communication) (34) , which limits the range of their applications for quantum networks that would require frequent short-distance quantum communications.
To avoid the drawbacks of the previous DFS methods, we propose and experimentally realize an alternative approach to constructing robust quantum communication links that represent a simple and promising way of protecting quantum information through noisy optical fibers. Essentially, our setup involves a pair of optical fibers. The reason for using a pair of fibers instead of a single fiber is to eliminate the need for further additional active control, which is much more complicated in terms of implementation (see the Supplementary Materials for more details).
RESULTS
Experimental setup and the underlying design principle Our experimental setup is shown in Fig. 2A . The key ingredients in our setup include a pair of optical PM fibers and a set of half-wave plates (HWPs). The two fibers are bundled together to maximize error correlation, as shown in Fig. 2B . In the experiment, we used polarization beam splitters (PBS) to encode and decode two PM fibers with the basis setting at the horizontal and vertical directions ({|H〉, |V〉}). The PBS behaves like a CNOT gate, with the path degrees of freedom (DOF) {|0〉, |1〉} controlled by the polarization, where |0〉 and |1〉 represent the transmission and reflection cases, respectively. Different types of HWP setting in the interferometer allow our setup to be operated in either the bidirectional mode or the unidirectional mode. Here, we would focus on bidirectional use, where the angles of HWPs in the reflection path are set to 0°and those of HWPs in the transmission path are set to 45°. The case for the unidirectional mode (all HWPs in the interferometer are set to be 22.5°) is shown in the Supplementary Materials.
When the quantum state |f in 〉 = a|H〉 + b|V〉 (a and b are some unknown complex numbers and |a| 2 + |b| 2 = 1) is sent from the A side to the B side (from left to right), the PBS entangles the path DOF, and the state becomes |f ph 〉 = a|H〉 |0〉 + b|V〉 |1〉. The horizontal polarization along the transmitted path (|0〉) is unchanged, but the vertical polarization at the reflected path (|1〉) flips to the horizontal state. The information of the input quantum state is then transferred to the path DOF, |f ph 〉 = |H 〉 (a|0〉 + b||1〉). 
with Dt H = t H0 − t H1 . Whenever the errors are highly correlated, that is, t H0 ≈ t H1 ≡ t H , the signal photon with a state identical to the initial one can be detected along the path |0〉. The phase difference Dt H causes dephasing to the output state as expected.
In a similar but not identical way, quantum information can be sent from the B side to the A side (from right to left). As shown in Fig. 2A , for an input general photon state |y in 〉 = g|H〉 + d|V〉 (g and d are some unknown complex numbers and |g| 2 + |d| 2 = 1) at the B side, the corresponding reduced density matrix of the output state at the A side has the following form with Dt V = t V0 − t V1 (t V0 and t V1 represent the obtained phases when the photon passes through paths |0〉 and |1〉, respectively). Whenever the errors are correlated, that is, t V0 ≈ t V1 ≡ t, the signal photon with a state identical to the initial one can be detected along the path |0〉 and the phase difference Dt V causes dephasing to the output state as expected.
Coherent information of noisy quantum channels
To quantify the amount of quantum information that can be transmitted through our setup, we analyzed the data through the tools developed in quantum communication theory, instead of just measuring the fidelity of output states. However, as far as we are aware, the parameterization in this work is not widely known; therefore, we provide a concise but self-contained theoretical background below. Quantitatively, the amount of quantum information transmitted through a noisy channel (Fig. 3) can be quantified by coherent information (35) 
, where E represents the quantum operation of a noisy channel, r A is the initial input state, and |Y 〉 AB is the purified state of r A ; that is, r A = Tr B (|Y〉 AB 〈Y|). I is the identity operator, and S[r] = −Tr (r log r) is the von Neumann entropy of a density matrix r. Here, the term "channel" is equally applicable to either a single fiber or the combined fibers in the experimental setup. The quantum capacity
of a single-use quantum channel is defined by the maximal coherent information that can be achieved over all possible input states r. More generally, quantum capacity is defined through the average coherent information transmitted through multiple uses (36) (37) (38) ; but for dephasing channels (39), both definitions are equivalent. For any state r in the two-dimensional space, it can always be expressed in some orthogonal basis {|y〉, |y ⊥ } as r = l 0 |y〉〈y| + l 1 |y ⊥ 〉〈y ⊥ |, where |y〉 = cos q |0〉 + sin q e if |1〉 and |y ⊥ 〉 = sin q |0〉 − cos q e if |1〉, and l 0 + l 1 = 1. The corresponding purified state can be written as jY〉 ¼ ffiffiffiffi ffi l 0 p jy〉j0〉 þ ffiffiffiffi ffi l 1 p jy ⊥ 〉j1〉. Therefore, the coherent information I c for any quantum channel transmitting qubits depends only on three independent parameters, namely, l 0 , q, and f, which are used to describe the experimental data.
To fully characterize the action of a channel on the input signals r, we experimentally performed a full quantum process tomography (40, 41) on the quantum channels. By expanding the output state EðrÞ with a complete set of basisÊ m of the Pauli operators {I, X, Y, Z}, the operation of the quantum process can be expressed as EðrÞ ¼ ∑ mn c mnÊm rÊ † n . In this representation, the 4 × 4 matrix c completely and uniquely characterizes the physical process E. The matrix elements c mn ' can be constructed from experimental tomographic measurements (42) of four input signals, namely, jH〉; jV 〉; jD〉
Main experimental results for single-fiber characterization Figure 4 (A to D) shows the experimental results for single-fiber characterization. Figure 4A shows the experimental real part of the c matrix, denoted as c
, of the single PM fiber (the corresponding imaginary part is small and is shown in the Supplementary Materials). Note that the two nearly equal distributions of I and X indicate the strong dephasing effect of the fiber on the basis of |D〉 and |J〉 (≡ 1 ffiffi ffi 2 p jH〉 À jV 〉 ð Þ ); that is, EðrÞ≈ðIrI þ X rX Þ=2 ≡ c ðiÞ ðrÞ. The fidelity of the experimental result c (s) is about c (s) = 99.86 ± 0.01%. With the experimentally determined c matrix, we systematically searched for the maximal value for the coherent information I c . We found that the maximal value of coherence information is about 8.55 × 10 −16 ± 3.50 × 10 −16 with l 0 = 0, q = 7p/25, and f = 47p/50. Figure 4B shows the coherence information calculated from c (s) by scanning q and l 0 with f equal to 47p/50. We can see that the maximal value of coherence information is achieved with l 0 equal to 0. The coherence information of the single fiber is further shown as a function of l 0 with q = 7p/25 and f = 47p/50 (Fig. 4C) . The theoretical prediction (black line) agrees with the experimental result (blue line and red dots), which is nearly equal to zero (the black line and the blue line nearly overlap, and only the blue line can be seen). Error bars are estimated from the SD, and the maximal deviation is about 0.006.
The theoretical (blue columns) and experimental (red columns) fidelities of the four states {|H〉, |V〉, |D〉, |R〉}) are further compared in Fig.   4D . We find that they are in good agreement. Therefore, we conclude that the quantum capacity of the PM fiber is a good approximation to a zero-capacity quantum channel.
Main experimental results for bidirectional transfer
The experimental data for the bidirectional modes are presented in Fig.  4 (E to H) for quantum information transmitting from left to right (A to B) in Fig. 2A . Figure 4E shows the real part of the experimental mean density matrix c (AB) (the imaginary part is negligible and is shown in the Supplementary Materials), and the fidelity is calculated to be c (AB) = 94.68 ± 0.01%. Figure 4F shows the coherent information calculated from c (AB) as a function of q and l 0 , with f = 13p/10. Coherent information as a function of l 0 with q = 7p/25 and f = 13p/10 is further shown in Fig. 4G . The black line represents the theoretical prediction. The blue line and red dots represent the results calculated from c (AB) . The fidelities of different states are shown in Fig. 4H .
The experimental data for the bidirectional transfer from B to A are shown in Fig. 4 (I to L) . The real part of the experimental mean density matrix c (BA) is shown in Fig. 4I , and the fidelity is calculated to be c (BA) = 95.13 ± 0.01%. Figure 4J Application to testing quantum nonlocality Our setup can also be used to transmit nonlocal quantum information. We prepared different kinds of entangled states of the form |Y〉 = a|HH〉 + b|VV〉 from two type I beta-barium borate (BBO) crystals (43) , where a 2 is set to be {0.1, 0.2, 0.5, 0.8, 0.9}. Our goal is to verify the nonlocality of the output state with maximal entanglement by testing the ClauserHorne-Shimony-Holt (CHSH) inequality (44)
where
, and c(q 1 ,q 2 ) represents the coincidence counts with the polarization angle settings q 1 in mode A and q 2 in mode B. Figure 5 (A and B) characterizes the properties of the setup for transferring entangled states. Figure 5A shows the corresponding state fidelities when states are transferred from A to B (cyan columns) and from B to A (yellow columns). The fidelities of all output states are larger than 90%.
The coherent information with the corresponding input states is further shown in Fig. 5B . The output state r A ′ [¼ Eðr A Þ] is obtained by tracing photon B of the final two-photon state r AB ′ [¼ ðE ⊗ IÞ ðjY〉 AB 〈YjÞ] to calculate the coherent information. Cyan columns and yellow columns represent the experimental results when states are transferred from A to B and from B to A, respectively. We can see that the maximal coherent information is achieved with a 2 = 0.5, which agrees with previous results. Figure 5 (C and D) shows the experimental results of the correlations when states are transferred from A to B and from B to A, respectively. The angle settings are calculated from the final density matrixes to maximize the values of S (S ≤ 2 for any local realistic theory). In our experiment, we obtain the values S = 2.438 ± 0.025 in Fig. 5C and S = 2.542 ± 0.023 in Fig. 5D . Both results violate the classical limit well above experimental errors (over about 18 SDs), indicating the incompatibility of local realistic theories.
DISCUSSION
Our approach can be considered as exploiting a DFS at the singlephoton level (that is, without the need for any ancillary photon), but it is applicable to entangled multiqubit states as well. More precisely, for any given multiqubit state of n photons, |y〉 = a|P〉 n−1 |0〉 S + b|Q〉 n−1 |1〉 S , where |P〉 n−1 and |Q〉 n−1 are the states of the n − 1 qubits entangled with the subsystem photon S to be sent through optical fibers.
We note a crucial difference between entanglement distribution and direct quantum state transfer. Both approaches are studied theoretically and experimentally in the literature. Of course, quantum state transfer can be achieved with entanglement distribution in the protocol of quantum teleportation. However, more resources for measurement and feedback control are required to accomplish the task. Here, we focus on direct quantum state transfer (which also covers entangled states) as frequent exchanges of quantum states are expected in generic photonic quantum networks; less operations can potentially lead to a higher efficiency.
Transferring unknown quantum states (from Alice to Bob) using DFS is more challenging than sending known states, like Bell's state ðj01〉 þ j10〉Þ= ffiffi ffi 2 p . The latter case corresponds to the task of entanglement distribution because, for entanglement distribution, one can always reprepare the state if it fails for any probabilistic operation (for example, through a generator located between Alice and Bob).
Furthermore, for quantum state transfer, one may want to transfer only part of a multiqubit state that could come from an intermediate step of some potentially complicated quantum operations; the information encoded in the state would be lost and irrecoverable if it fails. Therefore, state independence is essential for any quantum transmission method for building communication links of a quantum network (Fig. 1) .
The time-bin method (8) is often exploited to achieve a DFS when two photons are sent through the same optical fiber, when the time delay is sufficiently short that the induced errors are correlated. This approach (16, 23) can be achieved with the use of entangled photons (Fig. 6A) , that is, a|H〉 + b|V〉 → a|H〉|V〉 + b|V〉|H〉, where |H〉 and |V〉 represent the horizontal and vertical polarizations, respectively. However, currently, the generation of entangled photons remains nondeterministic. The applicability of this approach is therefore limited.
An improvement has been implemented in a series of studies (21, 25, 29) , which relaxed the requirement of entangled input (Fig.  6B) . However, this improvement requires the projection to the entangled subspace through a parity-checking operation that can be successful only with a probability of 1 / 2 (see more details in the Supplementary Materials). The probabilistic operation limits the scalability of this quantum communication protocol for the purpose of building links in a quantum network. For example, sending the state from node 1 to node 2 and then to node 3 will result in the successful probability dropping to 1 / 4 , and so on. This limitation does not exist in our approach.
Furthermore, the time-bin DFS approach typically requires a pair of photons, which are successively sent through the same optical fiber (two photons + one fiber). Our approach provides a more versatile implementation that protects individual photons based on the inference of their paths, that is, a single-photon phenomenon (one photon + two fibers) that acts on individual photons in any multiqubit state. Our construction of DFS for each photon is made possible by the hybrid approach of using both polarization and path DOF; a CNOT gate between them can be achieved deterministically with the use of a PBS. Furthermore, noise correlation in the fibers is maximized through the physical bundling of the paired fibers.
In summary, we have presented a novel scheme that is capable of transmitting quantum information bidirectionally and that avoids many limitations of the existing schemes. Given the currently available technology, the proposed method is mostly suitable for securing short-to mediumdistance [for example, O(1 to 100) m] quantum communications.
For short-to medium-range applications, there is no significant drawback in our approach to building robust links for photonic quantum information transfer, compared with other existing methods. To extend our method for long-distance transfer (for example, 100 km), we will need to overcome the challenge of stabilizing the relative phase in the interferometer, which can be accomplished easily in our setup (120 m). Furthermore, to increase the error correlation, we bundle the paired fibers together. It is not known how well this technique can be extended for large distances; this problem points to a new research direction. Furthermore, our experimental setting provides a new physical platform for enriching the structure of the quantum channel theory when applied to correlated channels, and the setup has potential application for protecting quantum information in the large-scale photonics implementation of quantum algorithms.
MATERIALS AND METHODS
Our experimental setup is shown in Fig. 2 . Ultraviolet (UV) pulses were used to pump two type I BBO crystals to produce polarizationentangled photon pairs (43) . The UV pulses were frequency-doubled from a mode-locked Ti:sapphire laser centered at 800 nm with a 130-fs pulse width and a 76-MHz repetition rate. After compensating for the birefringence effect between H and V in BBO crystals with quartz plates (CP), maximally entangled photon pairs emitted into paths A and B. The photon in path A passed through the quantum channel (either a single PM fiber or the encoded paired PM fibers) and was sent to Bob. The photon in path B was triggered into |H〉, and the photon in path A, which was prepared for the corresponding states ({|H〉, |V〉, |D〉, |R〉}), was sent to the interferometer (from left to right) to implement quantum process tomography. To verify bidirectional use, the photon in path A was then triggered into |H〉, and the photon in path B, which was prepared for the corresponding states ({|H〉, |V〉, |D〉, |R〉}), was sent to the interferometer (from right to left) to implement quantum process tomography.
A picosecond pulse laser with a pulse width of about 2.2 ps, a wavelength of 860 nm, and a repetition rate of 76 MHZ was used as a reference light, which was separated from the signal photon by optical gratings at each output port. The reference light was then coupled into a feedback control system by using the piezo motion to lock the relative phase between the two arms of the interferometer (not shown in Fig. 2) . Quartz plates were used as compensators to maximize the interference between the two arms.
The polarization of the final state was then analyzed by a quarterwave plate, an HWP, and a PBS in each arm. The photons were detected by SPADs with 3-nm IFs in front of them.
In our experiment, the counting of each measurement was assumed to follow the Poisson distribution (the subprogram used was PoissonDistribution in Wolfram Mathematica 7.0). We randomly regrouped 50 counting sets for each measurement quantity from the distribution counting. The values of the quantity were calculated from the corresponding counting sets, and 50 values were obtained. The error of the quantity was then estimated by the square root of the variance of the 50 values.
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